This study addresses the feasibility of using an organic oxide/Al composite cathode to fabricate the small molecular organic light-emitting diodes ͑OLEDs͒. A supplementary organic buffer film is placed at the interface between the tris͑8-hydroxyquinoline͒ aluminum ͑Alq 3 ͒ and the organic oxide/Al complex layers. Incorporating the rubrene/poly͑ethylene glycol͒ dimethyl ether ͑PEGDE͒ buffer layers into the composite cathode structure markedly improves the performance of devices. The luminous efficiencies of Alq 3 -based OLEDs biased at ϳ100 mA/ cm 2 are 4.8 and 5.1 cd/ A for rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al and rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / LiF ͑5 Å͒ / Al cathode devices, and 1.3 and 3.8 cd/ A for devices with Al and LiF ͑5 Å͒ / Al cathodes, respectively.
Metals with low work functions, including calcium ͑Ca͒ and magnesium, or an ultrathin buffer layer of lithium fluoride ͑LiF͒ ͑Ͻ1 nm͒ at the interface of the electroluminescent film with the aluminum ͑Al͒ or the silver electrode, are now the frequently adopted cathode structures, effectively reducing the barrier to the injection of electrons at the cathode and greatly improving the performance of organic/polymer lightemitting diodes ͑O/PLEDs͒. [1] [2] [3] [4] [5] Recent studies had shown that blending the ionic surfactants in light-emitting polymer layers or placing a thin layer of ionomers or organic salts which contain lithium ͑Li͒ or Ca ions on the surface of the electroluminescent films, with the high work function Al electrode, yields the favorable cathode structures. The electroluminescence ͑EL͒ efficiencies of O/PLEDs exceed those of devices with conventional Ca/ Al or LiF / Al cathodes. [6] [7] [8] [9] However, our earlier works 10, 11 and the most recent studies conducted by other groups [12] [13] [14] indicated that no salt ions need to be added to the cathode buffer layer. Simply casting an ultrathin layer ͑ϳ below 50 Å͒ of the polymers that have a sequent ethylene oxide functional group, ͑-CH 2 CH 2 O-͒ n , using a convenient spin-coating process 10, 14 or vacuum thermal deposition 11 can significantly increase the EL efficiencies of PLEDs. The devices with organic oxide/Al composite cathodes had a luminous efficiency that was approximately two orders of magnitude greater than that of devices with Al cathodes. The formation of an organic oxide/Al complex at the cathode interface, in which the complex layer supports the efficient injection of electrons through the Al cathode and blocks the metal-induced quenching sites in the EL ͑conju-gated molecules͒ layer, is proposed. 10, 11 The organic oxide/Al composite cathode is prepared by thermally evaporating the polymer with a low molecular weight, poly͑ethylene glycol͒ dimethyl ether ͑PEGDE͒ ͑Al-drich, M n ϳ 2000͒, on the EL film under a vacuum. The Al metal electrode was then evaporated on the substrates without breaking the vacuum. 11 This approach can be easily integrated with the current manufacturing procedures to fabricate high-performance O/PLEDs. However, when the PEGDE/Al composite cathode was applied in the fabrication of small molecular OLEDs, the devices exhibited an almost Ohmic current-voltage ͑I-V͒ characteristic and very low electroluminescence. ͑The organic oxide/Al composite works very well with PLEDs.͒ Presumably, the electrical shorting of the device was caused by the interaction of the organic oxide/Al complex material with the tris͑8-hydroxyquinoline͒ aluminum ͑Alq 3 ͒ layer. The deposited Al metal punctured the Alq 3 / N , NЈ-bis-͑1-naphthyl͒ -N , NЈ-diphenyl-1,1Ј-biphenyl-4-4Ј-diamine ͑NPB͒ layers and made contact with the indium-tin-oxide ͑ITO͒/glass anode. The thicknesses of the Alq 3 or NPB layers are increased to prevent the flowing of any leakage current, but the I-V characteristic is not improved.
Although the reason for the electrical shorting of organic light-emitting diodes ͑OLEDs͒ of the organic oxide/Al composite cathodes is unclear, the problem can be solved by introducing an additional organic buffer layer into the configuration of the composite cathode. In this letter, a supplementary ͑50-Å-thick͒ organic buffer film, 5,6,11,12-tetraphenylnaphthacene ͑rubrene͒, is placed at the interface between the Alq 3 and PEGDE/Al complex layers. The luminescence efficiency of the Alq 3 -based OLEDs is increased by a factor of ϳ4 from 1.3 to 4.8 cd/ A when Al and rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode are used.
The device configuration herein is comprised of ITO/ glass substrate as the anode, NPB ͑500 Å͒ as the hole transport layer, Alq 3 ͑600 Å͒ as the light-emissive layer, an organic supplementary film combined with an organic oxide a͒ Author to whom correspondence should be addressed; electronic mail: guotf@mail.ncku.edu.tw polymer as the interface buffer layers, and the Al metal cathode. Many organic small molecular materials, including rubrene, 1,3,5-tris͑2-N-phenyl-benzimidzolyl͒benzene ͑TPBI͒, pentacene, and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline ͑BCP͒, were adopted as the supplementary layers in individual experiments and were thermally deposited on the Alq 3 layer under a high vacuum ͑10 −6 torr͒. The active pixel area of the device was 0.06 cm 2 . The currentbrightness-voltage ͑I-L-V͒ measurements were made using a Keithley 2400 source measuring unit and a Keithley 2000 digital multimeter, with a silicon photodiode, calibrated using a Minolta LS-100 luminosity meter. All of the steps, except for a very short period of time ͑within 20 s͒ to transport the substrates, were implemented inside a nitrogen-filled glove box. The photovoltaic measurement was performed under the illumination supplied by a Thermo Oriel 150 W solar simulator ͑AM 1.5G͒. Figure 1 plots the I-L-V curves of devices with an Al cathode, a thin Rubrene buffer layer ͑50 Å͒ with an Al cathode, and a thin rubrene buffer layer ͑50 Å͒ with a PEGDE ͑15 Å͒ / Al composite cathode. The OLED with the rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al composite cathode exhibits the I-V characteristic of a diode. The injected current is much higher than that of a device in which Al is the cathode, at a given bias voltage. Additionally, the light turn-on voltage is brought forward to 4.5 V for the device with the rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode, which is 6.4 V for the device with the Al cathode. The higher injected current and the forward shift in the light turn-on voltage to the lower bias condition for the device with the rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode are attributable to the improvement in the electron injection through the Al electrode. The balance of injected charge carriers, holes, and electrons increases the electroluminescence and results in the superior luminous efficiency of devices. As presented in the Fig. 2 , the maximum luminous efficiency of the device with the composite cathode of the rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al is 5.1 cd/ A ͑bi-ased at 8.70 V, 25.99 mA/ cm 2 , and 1326.5 cd/ m 2 ͒, while that of the Al cathode device is 1.3 cd/ A ͑biased at 11.30 V, 64.08 mA/ cm 2 , 827.0 cd/ m 2 ͒. The luminous efficiency is also high for the device with the composite cathode biased at the high current and brightness regime. No variation in the EL emission, centered at 530 nm, between the Al and rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode devices is observed, as plotted in the inset of Fig. 1 . The device with the rubrene ͑50 Å͒ / Al cathode without a PEGDE buffer layer is considered for comparison. Since the lowest unoccupied molecular orbital level of the rubrene is around 2.9 eV, 15 incorporating a 50 Å-thick rubrene layer at the cathode interface interferes the injection of electrons through the Al cathode. Therefore, Fig. 1 . clearly presents the lower injected current and the increase in the light turn-on voltage toward the higher bias condition, 9.7 V, of the rubrene/Al cathode device. The luminous efficiency is only 0.1 cd/ A even lower than that of the Al cathode device. The decreased electron injection barrier of organic oxide/Al composite cathode was fortified by the photovoltaic measurements. The inset in Fig.  2 presents the results of the photovoltaic measurements for devices with rubrene ͑50 Å͒ / Al and rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathodes. The higher open-circuit voltage ͑V oc ͒ of the device with rubrene/PEGDE/Al cathode suggests the higher built-in potential of the device. The rubrene/ PEGDE/Al cathode has a lower work function as compared to that of the rubrene/Al cathode.
The luminous efficiency of the device with the rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al composite cathode is 4.8 cd/ A ͑105.06 mA/ cm 2 ͒; it is varied with the thicknesses of the rubrene buffer layers. The luminous efficiencies are 0.3 cd/A ͑106.89 mA/cm 2 ͒, 3.7 cd/A ͑96.73 mA/cm 2 ͒, 2.7 cd/A ͑98.79 mA/cm 2 ͒ for the devices of rubrene ͑25 Å, 75 Å, 100 Å͒/ PEGDE͑15 Å͒/Al composite cathodes, respectively. The devices with 25-Å and 100-Å-thick rubrene layers exhibit a redshift in the max of EL emissions from ϳ530 to ϳ 550 nm. A side peak from the rubrene ͑100 Å͒/PEGDE ͑15 Å͒ / Al cathode device at 590 nm is associated with the partial EL emission from the rubrene layer. Figure 3 plots the I-L-V curves from the devices with PEGDE ͑15 Å͒ / Al composite cathode with various organic buffer materials, TPBI, BCP, and pentacene. The inset in Fig.  3 presents the molecular structures. TPBI is often utilized as an effective electron injection and hole-blocking material for fabricating OLEDs. 16 However, the device with the TPBI ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode has a lower injected current and a higher light turn-on voltage than the devices with the Al and rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathodes. When BCP ͑another organic material with high electron mobility and good hole-blocking capability͒ 17, 18 is used as the buffer layer in the composite cathode, the performance of the OLED is worse than that of the device in which only Al is used in the cathode. For the device with the 50-Å-thick pentacene buffer layer, the pentacene film did not work with the PEGDE ͑15 Å͒ / Al composite cathode in the same way as did the rubrene layer, although the molecular configuration of pentacene ͑which comprises the five continuously attached phenyl rings͒ is somehow analogous to the structure of the rubrene, as shown in the inset of Fig. 3 . The light turn-on voltages are 7.4, 7.5, and 6.5 V and the luminous efficiencies of the TPBI ͑50 Å͒/PEGDE ͑15 Å͒ / Al, the BCP ͑50 Å͒/PEGDE ͑15 Å͒ / Al, and the pentacene ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode devices are 2.8, 0.9, and 2.1 cd/ A, respectively. The luminous efficiency of the TPBI ͑50 Å͒/PEGDE ͑15 Å͒ / Al cathode device exceeds that of the Al cathode device ͑1.3 cd/ A͒, probably because of the confinement of excited excitons in the Alq 3 layer. TPBI is basically the organic material with high ionization potential.
The luminescence efficiency of the LiF ͑5 Å͒ / Al cathode device is increased by 35% from 3.8 to 5.1 cd/ A when rubrene ͑50 Å͒/PEGDE ͑15 Å͒ buffer layers are added. The specific interaction of Al with ethylene oxide groups, ͑-CH 2 CH 2 O-͒ n , during the deposition of the Al cathode is presumed to facilitate critically the injection of electrons through the Al cathode. The thin rubrene film and the organic oxide/Al complex layer together inhibit the electrical shorting of the devices. Hence, this combination represents a composite cathode structure that substantially improves the luminous efficiencies of OLEDs.
In summary, this study demonstrated the feasibility of using an organic oxide/Al composite cathode to fabricate small molecular OLEDs. The luminous efficiencies of Alq 3 -based OLEDs are markedly increased by adding rubrene/PEGDE buffer layers to the composite cathode structure. The performance is enhanced by the balanced injection of charge carriers. The luminous efficiencies for rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al and rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / LiF ͑5 Å͒ / Al cathode devices at ϳ100 mA/ cm 2 are 4.8 and 5.1 cd/ A, and those of devices with Al and LiF ͑5 Å͒ / Al cathodes are 1.3 and 3.8 cd/ A, respectively. The stability of the rubrene ͑50 Å͒/PEGDE ͑15 Å͒ / Al device is tested by a constant current under a continuous bias, which is comparable to that of LiF / Al cathode device. Studies of the interfacial reaction between the organic oxide/Al complex with Alq 3 and the rubrene buffer layers are currently underway.
